A diethylamino (DEA) group as an anion exchanger was introduced into a polymer chain grafted onto the pore surface of a porous sheet. The resultant porous sheet was cut into disks to fit a cylindrical cartridge (DEA cartridge) and the adsorption-elution behaviors for actinides were investigated. U and Pu in 10 M HCl-0.1 M HNO3 were adsorbed on the DEA cartridge, and quantitative recoveries were achieved with 7 M HNO3 and 1 M HCl, respectively. The elution curves of Pu with 10 M HCl-0.1 M HNO3 and 1 M HCl overlapped irrespective of its flow rate.
Introduction
Quantitative analysis of actinides in radioactive waste is essential for its safe and cost-effective disposal. A rapid and reliable chemical separation technique is constantly demanded. Styrene-divinylbenzene copolymer resins containing quaternary ammonium groups have been conventionally used to separate actinides in acidic media [1, 2] . Recently, extractant-impregnated resins manufactured by Eichrom Industries (e.g., TEVA [3, 4] , UTEVA [5] , and TRU resins [6] [7] [8] ) have been used as an alternative method because of the specific selectivity for actinides over a wide range of acidities. However, the resins in a bead form have a disadvantage that a longer time is required for ions to diffuse into the interior of the beads with a larger diameter.
In our previous study [9] [10] [11] [12] , Aliquat 336, an extractant containing quaternary ammonium moiety, was impregnated onto an octadecylamino group introduced into a polymer chain that was grafted onto the pore surface of a porous hollow-fiber membrane. The permeative flow of a metal solution through the membrane ensures the 340 Vol.18 No. 4 (2007) negligible diffusional mass-transfer resistance of the target ion to Aliquat 336; therefore, the Aliquat 336-impregnated porous hollow-fiber membrane achieved a high-rate collection of the target ion at a high flow rate.
A simpler form of the porous material is desirable for analytical use. In this study, we propose a porous sheet as a base polymer for the introduction and impregnation of a functional group and extractant, respectively. The porous sheet is cut into disks and packed into a commercially available empty cartridge for practical use. The objective of this study is to demonstrate a rapid separation of actinides using an anion-exchange porous sheet containing a diethylamino group. U and Pu were adsorbed and eluted with hydrochloric acid, nitric acid, and their mixture. K. The resultant porous sheet was referred to as the DEA sheet.
A disk 13 mm in diameter was cut out from the DEA sheet and packed into a cylindrical empty cartridge with pre-filters on both sides of the disk. The resultant disk and cartridge were referred to as the DEA disk and cartridge, respectively. The DEA group density was evaluated from the weight gain of the sheet as follows:
where W2 is the mass of DEA sheet, respectively. The figure of 73 is the molecular mass of diethylamine. The permeability of the DEA cartridge was evaluated by measuring the pure water flux (PWF) at a constant permeation pressure of 0.1 MPa at 298 K. The PWF was calculated as PWF(m/h)=(permeation rate of pure water)/(surface area of the DEA disk)
The properties of the DEA cartridge are summarized in Table 1. 2.3 Adsorption and elution of uranium and plutonium with anion-exchange porous disk cartridge
The adsorption-elution characteristics of U and Pu were evaluated using a sample solution containing 233U and 242Pu (1000 Bq each) . A DEA cartridge was conditioned with methanol and water ( The separation performance for actinides using the DEA cartridge was evaluated with a mixture of 233U, 242Pu
, and 243Am. For example, the decontamination factor (DF) of U in Pu fraction was defined and calculated from the relative activity.
DF of U in Pu fraction (-)= (initial activity of 233U)
/(activity of 233U in Pu fraction after separation)
The effluent permeating through the cartridge was continuously collected in fraction vials. The activity of each fraction was determined using a silicon surface barrier detector and a multichannel analyzer. An alpha-counting source was prepared by mounting the effluent onto a tantalum planchet according to the method described previously [13] . The elution profiles for uranium and plutonium of the DEA cartridge loaded with 3 mL of 233U and 242Pu in 10 M HCl -0 .1 M HNO3 are shown in Figs. 2 (a) and (b) , respectively. In this figure, the ordinate A/A0 is the relative activity of the effluent to that of the feed. Neither U nor Pu was detected in the fraction obtained by permeating another 9 mL of 10 M HCl-0.1 M HNO3. This demonstrated that the DEA group introduced into the graft chain showed a high adsorptivity for both U(VI) and Pu(IV), which have the most stable oxidation states in concentrated HC1 [5] . The adsorptivity for U(VI) and Pu(IV) in this medium is favorable for the removal of Am(III), which is a common coexisting actinide. Both U(VI) and Pu(IV) were quantitatively eluted from the DEA cartridge by permeating 3 mL of 1 M HCl.
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Vol.18 No. 4 (2007) The elution profiles for U and Pu of the DEA cartridge loaded with 1 mL of 233U and 242Pu in 7 M HNO3 are shown in Figs. 3 (a) and (b) , respectively. Seventy-eight percent of the amount of U adsorbed was eluted by the permeation of another 6 mL of 7 M HNO3, whereas no Pu was detected. U remained on the cartridge was quantitatively eluted with another 6mL of 7 M HN03. Adsorbed Pu was quantitatively eluted by permeating 3 mL of 1 M HCl; therefore, 7 M HNO3 is appropriate for the separation of U from Pu using the DEA cartridge. The DEA group introduced into the polymer chain grafted onto the porous sheet was found to exhibit a similar selectivity to the quarternary ammonium group introduced into the polymer network of an anion-exchange resin bead [1, 2] . These elution profiles for U and Pu for the DEA cartridge can be explained by the fact that the distribution coefficients of Pu(IV) and U(VI) in 7 M HNO3 for an anion-exchange resin are higher than 104 and 10, respectively [14] . Fig. 4 . The higher flow rate of the solution led to the higher adsorption and elution rates. This is due to the negligible mass-transfer resistance of Pu in the pore interior to and from the DEA group of the graft chain during adsorption and elution, respectively. Transport of Pu aided by the permeative flow of the solution through the pore of the DEA disk achieved a quantitative recovery at a tenfold higher flow rate than conventional anion-exchange resins that was governed by the diffusive transport of Pu [3, [6] [7] [8] .
3.3 Mutual separation of americium, uranium, and plutonium
The mutual separation of 243Am, 233U, and 242Pu was evaluated using the DEA cartridge. The DEA cartridge was loaded with 1 mL of a mixture of U, Pu, and Am in 10 M HCl-0.1 M HNO3, followed by the subsequent permeation of the following media through the pores of the DEA disk: 6.5 mL of 10 M HCl-0.1 M HNO3, 9 mL of 7 M HNO3, and 12 mL of 1 M HCl. The relative activity profile of each actinide is shown in Fig.   5 . Am was quantitatively eluted by permeating 1.5 mL of 10 M HCl-0.1 M H NO3. U was eluted by permeating 3 mL of 7 M HNO3 without the elution of Pu. After washing with another 6 mL of 7 M HNO3, 93% Pu was eluted by permeating 9 mL of 1 M HCl.
The results of the mutual separation of Am, U, and Pu using the DEA cartridge are summarized in Table 2 .
High decontamination factors were obtained for both U and Pu fractions. The time required for the mutual separation was approximately 1 h. In addition, the DEA cartridge prepared in this study is advantageous over conventional materials because the cartridge is free from any contaminant. Table 2 Separation performance of Am, U, and Pu using the DEA cartridge
